Abstract. The monitoring of desertification processes, and particularly the development of ''early-warning'' systems, is an increasingly important development in the management of drylands. It has been shown that the patch size distribution of dryland vegetation can be described using power laws and that deviations from such patterns may be used as an earlywarning signal for the onset of desertification. We tested this idea using data from 29 semiarid steppes located along a latitudinal gradient in Spain. A truncated power law (TPL) fitted the patch size distribution of perennial vegetation better than a power law in all the evaluated sites. Variations in this distribution, as measured with the scaling exponent (c) of the TPL, were not related to total perennial cover, but a negative logarithmic relationship was found between c and soil variables related to desertification processes (total nitrogen, total phosphorus, and organic carbon). A positive and stronger linear relationship was found between total perennial cover and the same soil variables. Our results suggest that deviations from a patch size distribution characterized by a power law are not directly related to desertification. They also indicate that plant cover can be used to effectively monitor key variables linked to desertification processes.
INTRODUCTION
Dryland desertification adversely affects the sustainable relationship between ecosystems and the livelihoods of an estimated 250 million people worldwide, constituting one of the major environmental challenges of the 21st century (Reynolds et al. 2007b) . Despite recent advances toward developing a common theoretical framework for studying desertification and managing desertified areas (Huber-Sannwald et al. 2006 , Reynolds et al. 2007b , important uncertainties about this key environmental problem remain, particularly regarding the extent of the area affected, the relative importance of its biophysical and socioeconomic drivers, and the temporal dynamics of desertified and desertificationprone areas (Herrmann and Hutchinson 2005 , Veron et al. 2006 , Reynolds et al. 2007a . In this direction, the establishment of long-term and rigorous monitoring programs is probably the most effective way to assess the status of natural resources and the evolution of desertification processes (Tongway and Hindley 2004 , Herrick et al. 2005 , Reynolds et al. 2007a . Such programs can also provide an early-warning signal for the onset of desertification, e.g., the detection of changes in ecosystem attributes and processes at stages at which management actions would be most cost effective (Ferna´ndez et al. 2002) .
Given its importance, it is not surprising that many early-warning indicators of desertification based on the use of different vegetation attributes and soil properties (e.g., vegetation cover and spatial pattern, soil resistance to penetration and texture) have been proposed over the years (Tongway 1995 , Wu et al. 2000 , Herrick et al. 2005 , Veron et al. 2006 . Among these, the spatial structure of vegetation is receiving increased attention. Recent modeling studies have shown that the patch size distribution of arid and semiarid vegetation can be described using power law distributions (Ke´fi et al. 2007a , Scanlon et al. 2007 ) and that deviations from such patterns (e.g., from a power law to a truncated power law) could be used as an early-warning signal to monitor desertification processes (Ke´fi et al. 2007a ). These findings are appealing because power laws occur in other ecosystems (Shiyomi et al. 2001 , Sole´and Bascompte 2006 , Bridges et al. 2007 ) and because their use could represent a significant step toward the development of a sound and widely applicable desertification monitoring system. Despite their potential implications, the suggestions of these studies have not been widely validated, and it is largely unknown how variations in power laws are connected to ecosystem functioning and desertification processes under field conditions (Sole´2007). With the aim to fill this gap, we evaluated the relationships between the patch size Ke´fi et al. (2007a) , transitions from a patch size distribution characterized by a power law function to another described by a truncated power law function occur in the more degraded sites (i.e., in those sites closer to desertification) and (2) to explore how joint changes in this distribution and in total plant cover, the importance of which in the study of desertification has often been highlighted (Veron et al. 2006) , relate to surrogates of desertification processes.
MATERIALS AND METHODS

Study area
Our study was conducted at 29 Stipa tenacissima steppes located along an environmental gradient spanning from the center to the southeastern part of Spain (Appendix A). The climate of the study area is semiarid Mediterranean, with average annual precipitation ranging from 265 to 497 mm and average annual temperatures ranging from 138 to 178C. Most sites (22) were located on soils derived from limestone, Lithic Calciorthid (Soil Survey Staff 1994), while seven sites were located on gypsum-rich soils, Typic Gypsiorthid (Soil Survey Staff 1994). All sites were placed on south-facing gentle slopes. Vegetation was in all cases an open steppe dominated by S. tenacissima (Appendix B) and contained shrub species such as Quercus coccifera, Rosmarinus officinalis, and Thymus vulgaris in calcareous soils, and Lepidium subulatum, Gypsophila struthihum, and Thymus lacaite in gypsum soils. Perennial plant cover ranged between 15% and 68% (Appendix A).
Vegetation survey
At each site we established a 30 3 30 m plot for vegetation and soil measurements. Our surveys of plant communities focused on perennial vascular plants because annuals represent a negligible proportion of total plant biomass in S. tenacissima steppes (F. T. Maestre, personal observation). They were conducted in four 30 m long transects per plot, separated by 8 m each, using the line intercept method and contiguous quadrats. In each transect, we collected a detailed record of all perennial plant patches intercepting the transect (we define ''patch'' as any distance in the transect covered by vegetation; Ke´fi et al. 2007a) . Although this is a onedimensional measure, it is an approximation commonly used when estimating patch sizes (Maestre and Cortina 2004a, Ke´fi et al. 2007b ).
Surrogates of desertification processes
We measured some ''slow'' soil variables (sensu Reynolds et al. 2007b ) that are critical determinants of the functioning of drylands: respiration, organic carbon, total nitrogen, total phosphorus, potassium, pH, waterholding capacity, and the activity of three enzymes related to the carbon (b-glucosidase), nitrogen (urease), and phosphorus (phosphatase) cycles. The use of such variables when monitoring desertification processes has been recommended because they have lengthy turnover times and are thus useful for gaining insights into longterm ecosystem changes and resource collapses (Reynolds et al. 2007b) .
Soil sampling was conducted at all the sites between 20 July and 15 August 2006, when the soil was dry after at least 1.5 months of summer drought. Five 50 3 50 cm quadrats were randomly placed in open areas devoid of vascular vegetation. A composite sample obtained from six 145-cm 3 soil cores (0-7.5 cm depth) was obtained for each quadrat and bulked and homogenized in the field (n ¼ 5 per site). Samples were transported to the laboratory, where they were sieved by 2-mm mesh and air-dried for two months. Respiration rates were determined by NaOH absorption followed by titration with HCl (Froment 1972) . Organic carbon was estimated using the Walkley-Black method (Nelson and Sommers 1982) . Total nitrogen and phosphorus were obtained using a San þþ Analyzer (Skalar, Breda, The Netherlands) after digestion in sulfuric acid. Potassium was measured with the same analyzer after shaking the soil sample with distilled water (1:5 ratio) for one hour. Using a pH meter, pH was measured in a 1:2.5 mass : volume soil and water suspension. Urease, phosphatase, and b-glucosidase activities were determined as described in Tabatabai (1982) . Water-holding capacity was measured in two of the five replicates per site as described in Forster (1995) . The mean values of each measured soil variable per site were used in subsequent analyses.
Statistical analyses
For each site we evaluated the noncumulative patch size distribution, i.e., the relationship between the number of perennial plant patches, N(S ), and their size (S, in centimeters) using the same binning approach as Ke´fi et al. (2007a) . Although binning-based methods may not be the best option to estimate power law exponents (White et al. 2008) , we used this approach to test the ideas put forward by Ke´fi et al. (2007a) using the same methodology employed by these authors. In all the sites, the patch size distribution of vegetation was fitted to a power law of the form N(S ) ¼ CS Àc and to a truncated power law of the form
ÀðS=SxÞ where C is a constant, c is the estimated scaling exponent, S x is the patch size (in centimeters) above which N(S ) decreases faster than in a power law. The fit of the two models was compared using two approaches:
(1) a sum of squares reduction test at a 5% significance level (as in Ke´fi et al. 2007b ) and (2) the second-order Akaike Information Criterion (AIC; Sugiura 1978) . Multicollinearity among the soil variables evaluated was substantial (Appendix C), so we conducted a principal component analysis (PCA) to create orthogonal predictor variables for subsequent analyses. We retained all the PCA components that had eigenvalues greater than one (Quinn and Keough 2002) and evaluated their relationships with the original variables using correlation analysis. Soil variables with the highest absolute correlations will likely determine the variation along these components. As some of the extracted components and soil variables were nonnormally distributed (Kolmogorov-Smirnoff test, P , 0.05), the nonparametric Spearman correlation coefficient was used. To explore the manner in which changes in the patch size distribution of vegetation, as measured with the c of the function that best fit the data, and in total plant cover affected the soil variables measured, we evaluated the relationships between these vegetation attributes and the extracted PCA components using linear and nonlinear (logarithmic, hyperbolic, power, and exponential) functions. When significant relationships were found, the function that minimized the second-order AIC (Sugiura 1978) was chosen. All the statistical analyses were carried out with the SPSS software (version 15.0; SPSS, Chicago, Ilinois, USA).
RESULTS
A truncated power law fit the patch size distribution of perennial vegetation better than a power law in all the evaluated sites (Table 1 ; Appendix D). Four components of the PCA performed with the soil variables measured had eigenvalues greater than one, explaining .85.2% of the total variance (Appendix E). The activity of the enzymes b-glucosidase and phosphatase, organic carbon, and total nitrogen showed the highest correlations with the first component of this PCA (Table 2 ). The second PCA component correlated highest with soil pH, respiration, and urease activity. Potassium, total phosphorus, total nitrogen, and organic C were the variables showing the highest correlations with the third PCA component, while variations along the fourth PCA component were mostly driven by water-holding capacity.
The scaling exponent of the truncated power law (c) was not related to total perennial cover (r ¼À0.149, P ¼ 0.441, n ¼ 29). However, both variables showed a significant negative and positive relationship to the third PCA component, respectively (Fig. 1) ; no significant relationships were found with the other extracted PCA components. The relationship between c and the third PCA component suggests that increases in c are associated with a decrease in soil phosphorus, nitrogen, and carbon and with an increase in potassium, while that between total cover and the same PCA component implies increases in all these nutrients excepting potassium with the increase in plant cover. These relationships were not confounded by any of the major abiotic features of the study sites (elevation, rainfall, azimuth, slope, and geographical coordinates), as indicated by the lack of simultaneous correlations between these variables and the third PCA axis (Appendix F).
DISCUSSION
Results from recent studies fitting the patch size distribution of vegetation to power laws (Ke´fi et al. 2007a , Scanlon et al. 2007 , together with the fact that they should come from self-organization processes (Sole2 007, Rietkerk and van de Koppel 2008) , have led some authors to suggest that there is a universal mechanism of ecosystem organization in drylands (Ke´fi et al. 2007a) . Interestingly, the patch size distribution of the perennial vegetation in the studied steppes was poorly adjusted to a power law in many of the plots sampled (15 of the 29 steppes sampled had R 2 values ,0.7), and the truncated power law fit the data better in all the cases (Table 1) . Our results suggest that either the patch size distribution of vegetation in drylands does not follow a universal pattern or, more likely, that it is not well characterized by power laws under all circumstances. It has been suggested that a patch size distribution characterized by a power law may result from short-distance positive feedbacks promoted by facilitation (Ke´fi et al. 2007a , Scanlon et al. 2007 , Rietkerk and van de Koppel 2008 , a prevalent interaction in harsh environments (Callaway 2007) . Facilitative interactions are common in S. tenacissima steppes (Garcı´a-Fayos and Gasque 2002, Maestre et al. 2003) , although they may not even be apparent under some circumstances (Maestre et al. 2002) . There are also are important facilitation/competition shifts with variations in the degree of abiotic stress in this ecosystem (Maestre and Cortina 2004b) . Site-tosite variations in the intensity and direction of biotic interactions are, however, unlikely to be driving the results observed, as deviations from a power law were widespread in the steppes studied. In this direction, our FIG. 1. Regressions of the third axis of the principal components analysis (PCA) on (A) the scaling exponent of the adjusted truncated power law distributions and (B) total perennial cover. PCA was conducted with the soil variables evaluated as surrogates of desertification processes. study sites do not show evidence of recent disturbances such as grazing (F. T. Maestre, personal observation), a key factor responsible for deviations from power law to truncated power law distributions in the study of Ke´fi et al. (2007a) . However, we cannot rule out the potential effects of historic human disturbances on the current spatial structure of S. tenacissima steppes, as previous studies have found that these disturbances may have century-lasting effects on attributes such as species richness and diversity (Maestre 2004) .
Power laws indicate that the number of large plant patches is far less abundant than that of small ones, while truncated power laws indicate a deficiency of large patches compared to areas described by power laws (Ke´fi et al. 2007a) . Large plant patches are critical for the structure and functioning of drylands, as they increase species richness (Bascompte and Rodrı´guez 2001) , affect species composition (Pugnaire and La´zaro 2000) , and enhance functions such as nutrient cycling at spatial scales larger than their own canopies (Maestre and Cortina 2004a) . Therefore, the loss of large plant patches has important implications for ecosystem functioning and may trigger degradation and desertification processes. According to this idea, deviations from a power law relationship between the size and number of vegetation patches have been suggested as an ''earlywarning'' sign of desertification in drylands (Ke´fi et al. 2007a) . Our results do not agree with this reasoning, as the truncated power law function fit the data best in all the sites, despite important site-to-site variations in ''slow'' soil variables linked to ecosystem functioning and degradation (Appendix G). Therefore, they do not suggest that the patch size distribution of vegetation in those sites closer to desertification is characterized by a truncated power law instead of by a power law. It is worth noting that Ke´fi et al. (2007a) used a wellcontrolled grazing gradient to test whether deviations from power laws occurred in the more degraded/desertified situations (i.e., highest grazing intensity) and that they employed the vegetation as both a predictor and response variable to evaluate desertification processes. Our results, using soil variables as surrogates of desertification, indicate that variations in the different factors potentially affecting the patch size distribution of vegetation may invalidate its use as an ''early-warning'' indicator of this phenomenon along environmental gradients. Furthermore, the use of deviations from power laws with this aim needs an undisturbed ecosystem of reference, something difficult to find in many areas, particularly those with a long history of human use. It must be also noted that the observed lack of support for power laws is not related to stochasticity in the presence or absence of large patches due to low sample sizes, as revealed by tests made with pooled data from sites with a similar position on the climatic gradient (Appendix H).
We found that both total perennial cover and the scaling exponent of the truncated power laws fitted to the patch size distribution of vegetation were related to some of the soil variables evaluated. To our knowledge, these results provide the first empirical evidence of a direct relationship between the patch size distribution of vegetation, as measured by a truncated power law, and surrogates of desertification processes. It is interesting to note, however, that perennial cover was a better predictor of these soil variables, as indicated by the R 2 of the regressions fitted to the data. Similar results have been reported at smaller spatial scales by Maestre et al. (2005) , who related different biotic attributes (including spatial pattern and cover) to surrogates of ecosystem functioning in biological soil crust-dominated ecosystems. They found that the magnitude of the relationship between spatial pattern and the surrogates of ecosystem functioning was always lower than that between cover and the same surrogates. Our results agree with dozens of studies conducted in drylands, which have found positive relationships between perennial cover and crucial variables such as species diversity, soil nutrients, and microbial activity (e.g., Martı´nez-Mena et al. 2002 , Bastida et al. 2007 , Li et al. 2007 ). Indeed, plant cover is commonly included in protocols for monitoring and assessing land degradation (Tongway and Hindley 2004, Herrick et al. 2005) , and its use has been recommended by many national and international government agencies such as the United Nations Convention to Combat Desertification (see example available online).
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Despite the fact that use of power laws as a monitoring tool to assess the onset of desertification processes is highly suggestive, our results indicate that it cannot be taken for granted. The results indicate that deviations from a patch size distribution characterized by a power law to another characterized by a truncated power law are not directly related to desertification in Mediterranean steppes. Although the exponent of the truncated power laws fitted to these data was significantly related to different surrogates of this process, this relationship was somewhat weak and difficult to interpret, and variations in the same surrogates could be better explained by total perennial cover. Furthermore, the applicability of power laws as early-warning systems by technicians and land managers may be low because of the difficulties in data acquisition and modeling. Although correlative, our results indicate that perennial plant cover, rather than its patch size distribution, can be used to effectively monitor key ''slow'' soil variables linked to desertification processes.
